Abstract. Anti-angiogenesis gene therapy has attracted interest as a potential treatment for hepatocellular carcinoma (HCC). Studies have indicated that soluble fms-like tyrosine kinase-1 (sFlt-1) may suppress angiogenesis by sequestering free vascular endothelial growth factor (VEGF) or by forming inactive heterodimers with VEGF receptor-2. Mesenchymal stem cells (MSCs) have been widely used as prospective delivery vehicles for therapeutic agents, owing to their ability to migrate towards tumor sites. In the present study, a subcutaneous HCC mouse model was used to assess the anti-angiogenesis effects of lentivirus-transfected MSCs engineered to secrete sFlt-1 (LV-sFlt-1-MSCs). LV-sFlt-1-MSCs effectively secreted sFlt-1, which inhibited tube formation in vitro. MSCs labeled with green fluorescence protein primarily migrated to tumor sites in vivo. An immunohistochemical assay indicated that microvessel density was reduced in mice treated with LV-sFlt-1-MSCs, compared with the control group treated with PBS. Additionally, LV-sFlt-1-MSCs inhibited tumor growth and prolonged survival in an HCC mouse model via systemic injection. Overall, the present study was designed to investigate the potential of LV-sFlt-1-MSCs for anti-angiogenesis gene therapy in HCC.
Introduction
Hepatocellular carcinoma (HCC) is a common lethal malignancy that is highly vascularized and is the third most common cause of cancer-associated mortality worldwide (1) . Angiogenesis is important for tumor progression and metastasis; it is a complex process regulated by a variety of factors, among which vascular endothelial growth factor (VEGF) appears to serve a dominant role (2) . Previous studies have indicated that VEGF is overexpressed in HCC and is closely associated with tumor angiogenesis (3, 4) . Therefore, targeting the VEGF/VEGF receptor (VEGFR) signaling pathway has attracted attention in anti-angiogenesis therapy research.
The soluble form of VEGFR-1 (also known as soluble fms-like tyrosine kinase-1, sFlt-1), which is an alternatively spliced variant, has been hypothesized to be a potent antagonist of VEGF. Full-length VEGFR-1 is a glycoprotein with seven extracellular immunoglobulin (Ig)-like domains, a transmembrane domain and an intracellular tyrosine kinase binding domain (5, 6) . The spliced sFlt-1 comprises only the first six extracellular Ig-like domains (7) . Although VEGFR-1 has an increased affinity for VEGF compared with VEGFR-2, the tyrosine kinase activity of VEGFR-2 is more effective by a factor of ten (8) . VEGFR-2 is considered to be the primary receptor involved in angiogenesis. Despite having the same affinity as VEGFR-1 for VEGF, sFlt-1 does not initiate signal transduction, owing to the absence of the transmembrane domain and the intracellular tyrosine kinase domain. sFlt-1 exerts anti-angiogenesis effects in two ways: i) Sequestering free ligands; and ii) forming inactive heterodimers with VEGFR-2 (9) . A variety of studies have demonstrated that the administration of sFlt-1 may suppress tumor growth and metastasis through anti-angiogenesis mechanisms (10) (11) (12) (13) . However, gene therapy remains limited, as therapeutic molecules that are encoded by the target gene may not effectively localize to tumor sites following systemic injection.
Mesenchymal stem cells (MSCs) are immune privileged pluripotent cells (14) that are easy to isolate and culture in vitro. In addition to their multilineage differentiation potential, MSCs have been observed to migrate to the site of wounds and tumors (15) , including glioma (16), hepatoma and lung tumors (17) . These features make MSCs an ideal delivery vehicle for gene therapy, and MSCs engineered to carry therapeutic genes have been demonstrated to serve an antitumor role in certain tumor models (18) (19) (20) (21) (22) .
Anti-angiogenesis gene therapy for hepatocellular carcinoma via systemic injection of mesenchymal stem cells engineered to secrete soluble Flt-1
The present study evaluated the anti-angiogenic effects of lentiviral transfected MSCs engineered to secrete sFlt-1 (LV-sFlt-1-MSCs) via co-culturing of these cells with human umbilical vein endothelial cells (HUVECs) in a three-dimensional co-culture system. To investigate the antitumor effects of sFlt-1 and the tropism of MSCs for the tumor site, LV-sFlt-1-MSCs were produced by lentiviral transduction and were implanted into mice as part of a pre-established HCC subcutaneous mouse model. The results of the present study suggested that MSCs may serve as delivery vehicles for gene therapy in HCC.
Materials and methods
Cell culture. The HCC cell line SMMC-7721 was purchased from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China). BALB/C mouse bone marrow-derived MSCs were obtained from Cyagen Biosciences (Santa Clara, CA, USA). SMMC-7721 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). MSCs were incubated in DMEM/Ham's F12 nutrient mixture (HyClone; GE Healthcare Life Sciences, Logan, UT, USA). All cell cultures were supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin and 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.), and incubated at 37˚C in a 5% CO 2 atmosphere. HUVECs (ScienCell Research Laboratories, Inc., Carlsbad, CA, USA) were incubated in endothelial growth medium (PromoCell GmbH, Heidelberg, Germany) supplemented with 5% FBS. MSCs and HUVEC were used during the third or fourth passage.
Transfection of MSCs.
The lentiviral vectors expressing sFlt-1 (LV-sFlt-1, 9x10
8 IU/ml) and non-targeting control lentiviral vectors (LV-NC, 9x10
8 IU/ml) were constructed by Suzhou GenePharma Co., Ltd. (Suzhou, China). MSCs (5x10 5 cells/ml) were transfected at 37˚C for 72 h using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's guidelines. The suitable multiplicity of infection was determined to be 50 in the present study. Stably infected MSCs were obtained by treating the cells with puromycin (2 µg/ml).
Semi-quantitative polymerase chain reaction (PCR).
LV-sFlt-1-MSCs, LV-NC-MSCs and MSCs were cultured as aforementioned. Following 72 h, cells (1x10 6 cells/ml) were harvested by centrifugation at 1,000 x g at room temperature for 10 min and the supernatant was stored for ELISA analysis. Total RNA was isolated from cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer's instructions. Analysis was performed using PrimeSTAR HS DNA polymerase (Takara Biotechnology Co., Ltd., Dalian, China). Thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min, followed by 33 cycles of denaturation at 95˚C for 30 sec, annealing at 55˚C for 30 sec, extension at 72˚C for 30 sec, with a final extension step at 72˚C for 10 min. The primers for sFlt-1 were as follows: Forward, 5'-GAT GGG TTA CCT GCG ACT G-3' and reverse, 5'-CCG GGT CTG GAA ACG ATG-3'. The primers for GAPDH were as follows: Forward, 5'-AGG GCT GCT TTT AAC TCT GGT-3' and reverse, 5'-TCT CGC TCC TGG AAG ATG GTG-3'. PCR products were dissolved on a 12% agarose gel and visualized following staining with ethidium bromide (0.5 µg/ml; Thermo Fisher Scientific, Inc.). Densitometric analysis was performed using ImageJ software version 1.45 (National Institutes of Health, Bethesda, MD, USA).
Western blot analysis. Cells (1x10 6 cells/ml) were lysed in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) with phenylmethylsulfonyl fluoride (a protease inhibitor). Protein concentration was determined using a bicinchoninic acid protein assay. A total of 25 µg total protein was separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes. The membranes were blocked for 2.5 h with 5% non-fat milk at room temperature and incubated with monoclonal rabbit anti-human Flt-1 antibody (1:1,000, cat. no. ab32152; Abcam, Cambridge, UK) and monoclonal mouse anti-human β-actin antibody (1:1,000, cat. no. sc-130065; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. Subsequently, the membranes were incubated with the secondary antibody conjugated with horseradish peroxidase (1:1,000, cat. no. sc-516102; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Immunoreactivity was detected using an enhanced chemiluminescence kit (Beyotime Institute of Biotechnology), in accordance with the manufacturer's instructions. β-actin served as an internal control. Blots were semi-quantified by densitometry using ImageJ software version 1.45.
Tube formation assay.
To evaluate the role of sFlt-1 in the tube formation of HUVECs, LV-sFlt-1-MSCs, LV-NC-MSCs and untransfected MSCs were co-cultured with HUVECs following the method previously described by Zeng et al (23) . A 15-well µ-slide (ibidi GmbH, Munich, Germany) was coated with Matrigel (10 µl/well; BD Biosciences, Franklin Lakes, NJ, USA) and incubated for 30 min at 37˚C. Subsequently, HUVECs (7.5x10 3 cells/well) were stained with DiI (10 µM, a cell membrane dye emitting red fluorescence; Beyotime Institute of Biotechnology) at 37˚C for 30 min. HUVECs and LV-sFlt-1-MSCs (7.5x10 3 cells/well) were plated in the same well of the µ-slide at 37˚C. Images were digitally captured at 1, 3, 5, 12 and 24 h under a fluorescence microscope (x100 magnification) and analysis of tube formation was performed using ImageJ software version 1.45. 6 ) were stained with DiI (10 µM) at 37˚C for 30 min prior to subcutaneously injecting the cells into the rear of nude mice. Tumors were allowed to grow for 2 weeks; subsequently, 5x10 5 LV-NC-MSCs were intravenously injected into tumor-bearing mice via the tail vein. Following 7 days additional growth, the subcutaneous tumor tissues, livers, lungs, hearts, kidneys and brains were removed and cut into fresh-frozen (-15˚C) sections (5 µm). To visualize the distribution of MSCs in vivo, the sections were observed under a fluorescence microscope (x200 magnification).
Distribution of MSCs in vivo. SMMC-7721 cells (7x10
Animal experiments. Male athymic BALB/C nude mice (age, 4-6 weeks; weight, 18-22 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and maintained under specific pathogen free conditions at a temperature of 22-25˚C, under a 12-h light/dark cycle with free access to food and water. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Ethics Committee of the Medical Faculty of the Fujian Medical University (Fuzhou, China).
SMMC-7721 cells (7x10 6 cells in 0.1 ml PBS) were subcutaneously implanted into the rear of nude mice. When the diameter of the tumor nodule reached 0.5 cm, tumor-bearing mice were randomized into 4 groups (n=10/group): i) PBS (0.1 ml PBS once a week for 3 weeks); ii) LV-NC-MSCs; iii) LV-sFlt-1; and iv) LV-sFlt-1-MSCs. LV-NC-MSCs or LV-sFlt-1-MSCs (6x10 5 cells in 0.1 ml PBS) were intravenously injected via the tail vein once per week for 3 weeks. LV-sFlt-1 (3x10 7 TU in 0.1 ml PBS) was injected once per week for 3 weeks. Tumor size was measured using a caliper every 5 days. The length (L) and width (W) of tumors were measured, and tumor volume (V) was calculated using the following formula: V=L x W 2 /2. A total of 3 weeks later, 5 mice in each group were sacrificed. Blood samples were harvested from mouse hearts (1.5 ml) and plasma was obtained by centrifugation at room temperature at 1,000 x g for 15 min. Tumor tissues were removed and minced in PBS. Plasma samples and tumor tissues were stored at -20˚C. The remaining mice were monitored for survival analysis.
ELISA analysis. Cell culture supernatants (0.1 ml), plasma samples (0.1 ml) and fresh tumor tissues (0.1 ml) were harvested, and the concentration of secreted sFlt-1 was detected by ELISA for human VEGFR1/Flt-1 (cat. no. DVR100B; R&D Systems Inc., Minneapolis, MN, USA), according to the manufacturer's instructions.
Immunohistochemistry. Tumor tissues were fixed in 4% paraformaldehyde at room temperature for 24 h and embedded in paraffin. Sections (4 µm) were cut, dewaxed and dehydrated. Subsequently, sections were stained with 0.2% hematoxylin for 5 min and 1% eosin for 2 min, and observed under an optical microscope (x400 magnification). Immunohistochemical staining was also performed. Tissue sections were blocked in 5% goat serum (Gibco; Thermo Fisher Scientific, Inc.) diluted in PBS for 20 min at room temperature. The primary antibodies included: Monoclonal rabbit anti-murine cluster of differentiation (CD)34 (1:50, cat. no. sc-9095; Santa Cruz Biotechnology, Inc.); monoclonal rabbit anti-human proliferation marker protein Ki-67 (Ki-67, 1:50, cat. no. sc-15402; Santa Cruz Biotechnology, Inc.); and polyclonal rabbit anti-human VEGF (1:250, cat. no. ab46154; Abcam). Sections were incubated with the primary antibodies at 4˚C for 24 h. After washing, the sections were incubated with a MaxVision™ horseradish peroxidase-labelled polymer anti-rabbit kit (cat. no. KIT-5005; Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China) at room temperature for 15 min. Finally, they were stained with 3,3'-diaminobenzidince (Fuzhou Maixin Biotech Co., Ltd.) at room temperature for 5 min. Stained sections were observed and scored independently by two pathologists. The proliferation index was determined as the number of [Ki-67-positive (brown) cells/the number of total cells] x 100, in five random fields under an optical microscope (x400 magnification).
Microvessel density (MVD) analysis. MVD was assayed by immunohistochemical staining with a CD34 antibody under an optical microscope and was evaluated as previously reported by Weidner et al (24) . The sections were visualized under low magnification (x100) to identify the highest neovascularization areas (hotspots). Subsequently, these areas were observed at higher magnification (x200) and the number of microvessels was counted in 5-random fields. The average number of microvessels in five fields was regarded as the MVD level for the sample.
Statistical analysis. The data are presented as the mean ± standard error of the mean from at least 3 independent experiments. Survival data were analyzed using the Kaplan-Meier method, and statistical significance was determined using the log-rank test. Statistical significance was evaluated using one-way analysis of variance followed by a post hoc Dunnett's test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Construction of LV-sFlt-1-MSCs and expression of sFlt-1 in vitro.
MSCs were infected with LV-sFlt-1 or LV-NC, and stably infected MSCs were obtained by treating the cells with puromycin (Fig. 1A) . To determine the expression levels of sFlt-1, PCR and western blotting were performed to analyze lysates from LV-sFlt-1-MSCs, LV-NC-MSCs and untransfected MSCs. LV-sFlt-1-MSCs significantly overexpressed sFlt-1 mRNA and protein compared with MSCs and LV-NC-MSCs (Fig. 1B-E) . These stably infected MSCs were used for subsequent experiments.
sFlt-1 levels in cell culture supernatants, plasma samples and fresh tumor tissues. To determine whether sFlt-1 may be secreted by lentivirus-infected MSCs, an ELISA for human VEGFR1/Flt-1 was performed. The secreted sFlt-1 level in the culture supernatants of LV-sFlt-1-MSCs was 5793.0±73.9 pg/ml, whereas only minimal sFlt-1 was detected in the culture supernatants of LV-NC-MSCs and untreated MSCs (Fig. 1F) .
Human sFlt-1 levels in plasma samples and tumor tissues were undetectable in control mice treated with PBS or LV-NC-MSCs (data not shown). The plasma concentration of human sFlt-1 in the mice treated with LV-sFlt-1 was significantly higher compared with the concentration in mice treated with LV-sFlt-1-MSCs (301.7±7.7 pg/ml vs. 19.2±2.2 pg/ml; Fig. 1G ). However, the intratumoral level of human sFlt-1 in the mice treated with LV-sFlt-1-MSCs was increased compared with the group treated with LV-sFlt-1 (860.7±63.94 pg/mg vs. 14.1±8.79 pg/mg; Fig. 1H ).
LV-sFlt-1-MSCs inhibit tube formation in vitro.
To determine the bioactivity of sFlt-1 in vitro, HUVECs stained with DiI were co-cultured with LV-sFlt-1-MSCs, LV-NC-MSCs or MSCs in a three-dimensional co-culture system. The largest number of tubes was observed 5 h subsequent to co-culturing ( Fig. 2A and B) , and the tube-like structures disappeared at 24 h (data not shown). Tube formation was significantly decreased in the LV-sFlt-1-MSCs group compared with the LV-NC-MSC or MSC group.
Tropism of MSCs for HCC in vivo.
MSCs are capable of homing to the tumor microenvironment following systemic injection. To investigate the distribution of MSCs in vivo, SMMC-7721 cells stained with DiI (10 µM) were subcutaneously injected into the rear of mice. A total of 2 weeks later, LV-NC-MSCs marked with GFP were intravenously injected into the tail vein tumor-bearing mice. At 7 days, the subcutaneous tumor tissues, livers, lungs, hearts, kidneys and brains were removed and cut into fresh-frozen sections, and examined under a fluorescence microscope. LV-NC-MSCs primarily migrated to the subcutaneous tumor mass, rather than other organs, including the heart, spleen and brain (Fig. 2C) .
LV-sFlt-1-MSCs inhibit tumor growth and prolong survival
in an HCC mouse model. To evaluate the efficacy of LV-sFlt-1-MSCs in inhibiting the progress of HCC, SMMC-7721 cells were used to establish a xenograft model as aforementioned (Fig. 3A) . The average tumor volume in the control group treated with PBS was 457.7±41.9 mm 3 (Fig. 3B) . Tumor size in the mice treated with LV-sFlt-1-MSCs (86.6±6.0 mm The remaining tumor-bearing mice (n=5/group) were monitored to examine the survival rate (Fig. 3D) . The survival rate of tumor-bearing mice was monitored from the date that mice were treated with PBS, LV-NC-MSCs, LV-sFlt-1 or LV-sFlt-1-MSCs (days post-injection). The median survival of mice treated with LV-sFlt-1-MSCs was significantly increased compared with the survival in the control group treated with PBS (41 vs. 26 days; P<0.05), whereas no significant differences were identified when comparing the median survival of mice treated with LV-NC-MSCs (28 days; P>0.05) or LV-sFlt-1 (32 days; P>0.05) with the survival of mice in the control group. In the present study, the results suggested that LV-sFlt-MSCs prolonged the survival time of tumor-bearing mice compared with the control group.
Anti-angiogenesis effects of LV-sFlt-1-MSCs in vivo.
LV-sFlt-1-MSCs was demonstrated to suppress HCC growth through the inhibition of angiogenesis. As presented in Fig. 4 , a significant decrease in MVD was observed in the group treated with LV-sFlt-1-MSCs compared with the control group treated with PBS (38.3±1.7 vs. 96.1±2.0; P<0.05).
VEGF serves a major role in angiogenesis. Previous results suggested that sFlt-1 may inhibit tube formation and angiogenesis (10) , and the present study evaluated the effects of sFlt-1 on VEGF expression by immunohistochemical analysis. The ratio of VEGF-positive staining cells to non-staining cells in the mice treated with LV-sFlt-1-MSCs was significantly decreased compared with the ratio in the control group treated with PBS (20.7±0.9 vs. 39.9±1.4%, P<0.05; Fig. 4C ).
Effects of LV-sFlt-1-MSCs on cell proliferation in HCC.
To determine whether LV-sFlt-1-MSCs were able to inhibit cell proliferation, the proliferation index, which was measured by Ki-67 staining, was examined by immunohistochemical analysis. The average proliferation index in five random fields was 53.7±2.3% in the group treated with LV-sFlt-1-MSCs, 86.9±1.3% in the control group, 85.9±1.2% in the group treated with LV-NC-MSCs and 81.9±1.9% in the group treated with LV-sFlt-1 (Fig. 4D) . A significant decrease in the proliferation rate was observed in the group treated with LV-sFlt-1-MSCs compared with the control group (P<0.05).
Discussion
The present study demonstrated that MSCs engineered to secrete sFlt-1 were able to secrete sFlt-1 efficiently and inhibit tube formation of HUVECs in vitro. Additionally, in vivo experiments indicated that, following intravenous injection, LV-sFlt-1-MSCs migrated to tumor tissues and inhibited tumor growth through anti-angiogenesis effects.
The weight of mice did not decrease following systemic injection of LV-sFlt-1-MSCs, whereas the weight of mice in the LV-sFlt-1 treatment group exhibited a transient decline. An apparent advantage of MSCs as delivery vehicles is immune privilege, which is a prerequisite for allogeneic treatment. The immune privilege of MSCs may be attributed to decreased expression of MHC class I surface markers and a lack of the co-stimulatory molecules CD40, CD80 and CD86 (25) . Therefore, MSCs modified by therapeutic genes may not induce host immune response.
In the present investigation, MSCs were demonstrated to migrate to tumor tissues rather than other organs, such as the heart, spleen or brain. In addition, the intratumoral level of sFlt-1 expression in the LV-sFlt-1-MSCs group was increased compared with the LV-sFlt-1 group, whereas the plasma level of sFlt-1 in the LV-sFlt-1-MSCs group was decreased. The results of the present study further confirmed the tropism of MSCs towards tumor sites. Despite previous studies that MSCs are able to migrate to tumor sites (26) (27) (28) , the molecular mechanisms underlying that migration have not been completely elucidated. Several previous studies have indicated that the tropism of MSCs may be associated with a variety of growth factors and cytokines, including hepatocyte growth factor, interleukin-6, monocyte chemotactic protein-1 and stromal-derived growth factor-1 (29) (30) (31) . MSCs are thought to express chemokine receptors, including C-C chemokine receptor type 2, C-X-C chemokine receptor type 4 and hepatocyte growth factor receptor, which may be associated with the migratory property of MSCs (31) (32) (33) . The possible chemotactic factors that may be involved merit further investigation.
Solid tumor growth is primarily dependent on angiogenesis. VEGF, a major angiogenic factor, has been identified to stimulate endothelial cell proliferation, migration and tube formation by interacting with VEGFR (34) . VEGFR-1 is considered to be a decoy that negatively regulates the activation of VEGFR-2 by binding to intact VEGF (8) . Targeting the VEGF/VEGFR signaling pathway has been used in anti-angiogenesis therapies (35, 36) . It has been reported that sFlt-1 may suppress angiogenesis by forming inactive heterodimers with VEGFR-2 or sequestering free ligands (37) . Consequently, sFlt-1 has been used as a therapeutic agent for inhibiting angiogenesis (12, 38) . In the present study, it was demonstrated that LV-sFlt-1-MSCs suppressed tube formation of HUVECs in vitro. Spontaneous metastasis rarely happens when an HCC subcutaneous model is established (39) . In previous studies, researchers monitored the survival time of subcutaneously-implanted tumor-bearing mice (40, 41) and revealed that subcutaneously-implanted tumor-bearing mice could also die because of the tumor burden (42) . Notably, MSCs engineered to secrete sFlt-1 exhibited marked antitumor effects through the inhibition of angiogenesis, and prolonged survival in an HCC mouse model.
In conclusion, the results of the present study suggested that MSCs engineered to secrete sFlt-1 exerted potent anti-angiogenic effects in HCC. The strategy for using MSCs as delivery vehicles to treat HCC has numerous prospective applications. In addition to sFlt-1, additional therapeutic agents may also be delivered to treat HCC by modifying the MSCs.
